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Mitotic catastropheAdeno-associated virus (AAV) type 2 or UV-inactivated AAV (UV-AAV2) infection provokes a DNA damage
response that leads to cell cycle arrest at the G2/M border. p53-deﬁcient cells cannot sustain the G2 arrest,
enter prolonged impaired mitosis, and die. Here, we studied how non-replicating AAV2 kills p53-deﬁcient
osteosarcoma cells. We found that the virus uncouples centriole duplication from the cell cycle, inducing
centrosome overampliﬁcation that is dependent on Chk1, ATR and CDK kinases, and on G2 arrest.
Interference with spindle checkpoint components Mad2 and BubR1 revealed unexpectedly that mitotic
catastrophe occurs independently of spindle checkpoint function. We conclude that, in the p53-deﬁcient
cells, UV-AAV2 triggers mitotic catastrophe associated with a dramatic Chk1-dependent overduplication of
centrioles and the consequent formation of multiple spindle poles in mitosis. As AAV2 acts through cellular
damage response pathways, the results provide information on the role of Chk1 in mitotic catastrophe after
DNA damage signaling in general.tation 19, CH-1015 Lausanne,
ngemarsdotter),
arts and The London School of
for Molecular Oncology and
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It is becoming increasingly clear that viruses often induce a DNA
damage response in the infected cell (reviewed in Lilley et al.
(2007)). Various triggers for this response have been suggested,
including the incoming viral DNA, replication intermediates and
virally encoded proteins, which may bind to DNA or themselves
modify cellular DNA repair proteins (Lilley et al., 2007; Xie and
Scully, 2007). In principle, a DNA damage response mounted against
an infecting virus may be a cellular defense mechanism that the virus
must circumvent or override, or it may be a cellular reaction that the
virus can exploit for its own replication. The two are not mutually
exclusive.
In the case of parvoviruses the ability to induce a DNA damage
response and to perturb cell cycle progression has been established.
Adeno-associated virus (AAV2) (Raj et al., 2001; Winocour et al.,
1988), the B19 virus (Morita et al., 2003, 2001) and the minute virus
of mouse (MVM) (Anouja et al., 1997; Op De Beeck et al., 1995) can all
provoke a cell cycle arrest. AAV2 induces a cell cycle block in the G2 orG1 phase of the cell cycle (Fragkos et al., 2009; Raj et al., 2001;
Winocour et al., 1988), and B19 virus can provoke an arrest in either
G2 (Morita et al., 2001) or in the G1 phase through the action of the
non-structural regulatory protein NS1 (Morita et al., 2003). MVM
triggers an arrest in G2 that is mediated by the viral NS1 protein
(Anouja et al., 1997; Op De Beeck et al., 1995). With AAV2, the virus-
induced DNA damage response and cell cycle arrest can be mediated
either by certain of the AAV2 Rep proteins (Berthet et al., 2005;
Saudan et al., 2000; Schmidt et al., 2000), or by a mechanism based on
the DNA structure; in this latter case the response can be triggered as
well by both wild type and UV-inactivated virus (Fragkos et al., 2008;
Raj et al., 2001; Winocour et al., 1988). In cells infected with AAV2 or
UV-inactivated AAV2 at moderate to high multiplicites, DNA repair
proteins co-localize with the viral genomes in virus-induced nuclear
foci (Jurvansuu et al., 2005). The consequences of the AAV2-induced
DNA damage signaling are activation of p53 (Raj et al., 2001) and of
the checkpoint kinases ATR and Chk1 (Jurvansuu et al., 2005), which
leads to cell cycle arrest (Jurvansuu et al., 2005; Raj et al., 2001). Of
particular interest is that this response to AAV2 can cause cell death in
p53-deﬁcient cells (Raj et al., 2001). It was recently shown that cells
with a defective p53–p21–pRb pathway are susceptible to AAV-
induced killing (Garner et al., 2007). In AAV2-infected cells (Jurvan-
suu et al., 2007) or following genotoxic stress (Zhang et al., 2005),
Chk1 is unstable. Thus, AAV2-infected p53-deﬁcient cells cannot
sustain the prolonged arrest in G2 and enter mitosis in the face of
damage signaling (Jurvansuu et al., 2007), whereas cells with an intact
p53 pathway remain arrested. Thus, p53 in this situation, rather than
inducing cell death, unexpectedly protects cells against it.
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the ensuing modes of cell death, have been extensively studied
(reviewed in Blank and Shiloh (2007)). Various models of cell death
by apoptosis, or death during or after mitosis, have been reported,
sometimes even within the same population of cells (Dodson et al.,
2007; Eom et al., 2005). But what determines how and when the
cells die remains unclear. The activity of the mitotic spindle
checkpoint is required for mitotic catastrophe and cell death induced
by DNA damaging agents (Cheung et al., 2005; Fang et al., 2006;
Nitta et al., 2004; Vogel et al., 2007, 2005). In the case of drugs
targeting microtubules or microtubule motor proteins, the role of
the spindle checkpoint in cell death remains controversial (Chin and
Herbst, 2006; Dowling et al., 2005; Gascoigne and Taylor, 2008;
Kienitz et al., 2005; Lee et al., 2004; Masuda et al., 2003; Sihn et al.,
2003; Sudo et al., 2004; Tao et al., 2007, 2005; Taylor and McKeon,
1997; Vitale et al., 2007). Centrosome overduplication and the
resulting spindle pole abnormalities have been described as playing
an important role in mitotic catastrophe following DNA damage
(Dodson et al., 2007; Kawamura et al., 2004; Sato et al., 2000a,b).
Chk1 activation and centrosomal localization may have a role in such
centriole overduplication (Bourke et al., 2007; Katsura et al., 2009;
Lofﬂer et al., 2007; Robinson et al., 2007), but it is not clear if this is
direct or not.
We have used AAV2 and UV-inactivated AAV2 to trigger a DNA
damage response that leads to death by mitotic catastrophe of p53-
defective cells (Jurvansuu et al., 2007, 2005; Raj et al., 2001). Chk1
was identiﬁed as a critical determinant, ﬁrstly of cell cycle arrest and
subsequently of passage into M phase (Jurvansuu et al., 2007). Thus
there is a seeming paradox in that UV-AAV2 infection causes cell
death in mitosis although the infection does not provoke detectable
breakage of cellular DNA (Fragkos et al., 2009; Jurvansuu et al.,
2007). In the work reported here we used U2OS osteosarcoma and
HCT116 colon cancer cells to show that, in the p53-deﬁcient cells,
the virus triggers a striking Chk1-dependent overduplication of
centrioles that leads to the formation of multiple spindle poles in
mitosis and consequent mitotic catastrophe. AAV2 acts through
cellular DNA damage response pathways, therefore the results also
provide information about the role of Chk1 and the spindle
checkpoint in mitotic catastrophe after DNA damage signaling in
general.
Results
UV-AAV2-infected U2OS+p53DD cells enter mitosis after a prolonged
arrest in G2 but are unable to divide and die as a consequence of
impaired mitosis
It was shown previously that wild type or UV-inactivated AAV2
(UV-AAV2) provoke a DNA damage response in infected cells that
leads to an arrest at the G2/M border of the cell cycle (Raj et al., 2001).
In the absence of an intact p53pathway, this arrest cannot be sustained
leading to cell death. To investigate the stage at which UV-AAV2-
infected p53-negative cells die, we stably transfected U2OS+p53DD
cells with a green ﬂuorescent protein (GFP)-tagged histone H2B in
order to follow the dynamics of the infected cells. Cells were ﬁlmed
during a 24 h period and every 10 min a bright ﬁeld and a ﬂuorescent
imagewere captured. Time-lapsemicroscopy revealed that uninfected
U2OS cells round up and go through mitosis with an average
prometaphase-to-telophase transition time of 90 min (Fig. 1A). In
contrast, UV-AAV2-infected cells round up and enter mitosis three
days post-infection but are unable to divide and arrest in mitosis
(Fig. 1A). The outcome of the UV-AAV2 DNA damage signaling-
induced mitotic arrest was cell death, accompanied by DNA fragmen-
tation (Fig. 1A, time 540 min). The duration of the mitotic arrest was
8.6 h on average for the UV-AAV2-infected cells compared to a time in
mitosis of 1.5 h for uninfected control cells (Fig. 1B).For quantiﬁcation, cells were classiﬁed as dying either of defects
in mitosis (mitotic catastrophe) or of apoptosis independently of
mitosis. The cells that died of mitotic defects included cells that
condensed their chromatin into prometaphase structures and then
tried unsuccessfully to divide, giving the appearance of being stuck
in mitosis, as well as cells that on trying to divide formed
micronuclei and ﬁnally died. The apoptotic cells, on the other
hand, did not enter mitosis but displayed apoptotic features without
showing the prometaphase-like chromatin pattern. This form of cell
death was, unlike mitotic death, usually very rapid. On ﬁlming cells
during 21 h four days after infection, the time-lapse recordings
revealed that 83% of the UV-AAV2-infected cells that were in the
process of dying did so in mitosis while 17% of the dying cells did
not enter mitosis and were characterized as apoptotic (Fig. 1C). Cells
that had formed micronuclei during the ﬁrst cell division were
unable to go through a second round of cell division and died in G1
(data not shown). These results led us to conclude that the majority
of UV-AAV2-infected cells die as a consequence of a failure of
mitosis; nevertheless a proportion of cells die through apoptosis
without entry into mitosis.
The infected mitotic cells display an increased number of spindle poles
containing centrioles
To examine the UV-AAV2-infected mitotic cells in more detail we
used immunoﬂuorescent microscopy to visualize the microtubule
network with an antibody against alpha-tubulin and co-stained the
centrioles with centrin-3, a centriolar marker. DAPI was used to stain
the nucleus. The majority of uninfected U2OS cells displayed a bi-
polar spindle structure in mitosis (Fig. 2A). Interestingly, in the UV-
AAV2-infected cells four days after infection, we could observe a large
increase in the percentage of cells with multiple spindle poles
compared with uninfected cells. Moreover, as shown in Fig. 2A,
centrin-3 staining revealed that the multiple spindle poles contained
centrioles. The multipolar phenotype was also observed in p53-
negative HCT116 cells (HCT116p53−/−). HCT116p53−/− cells
were stained with an antibody against α/β tubulin and the DNA
was counterstained with DAPI in order to quantify the number of
mitotic cells with multipolar spindles. Four days post-infection we
observed that 58.4% of the cells displayed multipolar spindles
compared with 5.3% in the uninfected cells (Fig. 2B). In this and
subsequent experiments, the Student's paired t-test, two-tailed
distribution was used. These results show that UV-AAV2-induced
DNA damage signaling leads to ampliﬁed centriole numbers and the
formation of multipolar mitotic spindles in p53-negative cells.
Interphase cells infected with UV-AAV2 display ampliﬁed centrosome
numbers
To further examine the centrosome numbers in the UV-AAV2-
infected cells we stained U2OS+p53DD cells with the centrosomal
marker γ-tubulin and the DNA with DAPI. The γ-tubulin staining
showed that the majority of the uninfected cells contained 1-2
centrosomes depending on the cell cycle stage, whereas in the UV-
AAV2-infected cells we could see a high increase in centrosome
numbers in interphase cells (Fig. 3A). The centrosome numbers
varied from 3 to a maximum of 21 (data not shown). To determine
if centrosomes of interphase cells contained centrioles we stained
U2OS+p53DD cells with the centriolar marker C-Nap1 (Fig. 3B),
which stains the proximal ends of mother centrioles (Fry et al., 1998).
We also quantiﬁed the number of cells with more than two C-Nap1
foci in both U2OS and U2OS+p53DD cells, which gave similar results
(Fig. 3C). We found that two days post-infection 72% of the UV-AAV2-
infected U2OS cells displayed more than two C-Nap 1 foci compared
with 4% in the uninfected control cells (Fig. 3C). In U2OS+p53DD
cells we found that 71.6% of the UV-AAV2-infected cells two days
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8.75% in the uninfected control cells (Fig. 3C). These observations
suggest that UV-AAV2-induced centriole overduplication occurs
similarly in U2OS cells in the presence or absence of p53DD. The
centriolar structures look abnormal after UV-AAV2 infection and are
often clustered together in foci. It has been demonstrated that
centrosomes may fragment in mitosis in the presence of DNA damage
(Hut et al., 2003). However, we do not think that UV-AAV2 solely
induces centriole fragmentation given the observation that UV-AAV2-
infected cells are able to form multiple functional spindles in mitosis
containing pairs of centrioles. However, further analysis such asFig. 1. U2OS+p53DD cells infected with UV-AAV2 die in mitosis. The dynamics of mitosi
uninfected control U2OS+p53DDH2B-GFP cells and UV-AAV2-infected cells are shown. Film
mitosis. The images of infected cells are shown reduced in size by 50% because more ﬁelds
control cells based on H2B-GFP time-lapse microscopy. Uninfected control cells (ctrl) spend 9
bars represent standard deviations of 15 cells. C. Fate of UV-AAV2-infected cells. 83% of UV-A
apoptosis without entering mitosis. N=65 cells that died either in mitosis or through apopelectron-microscopy would be required to conﬁrmwhether UV-AAV2
DNA damage signaling induces structural changes of centrioles.
The UV-AAV2-induced centriole overduplication initiates during S-phase
and continues during G2 arrest
We next wanted to determine at which stage during the cell cycle
the UV-AAV2-induced centriole overduplication initiates. It has been
reported that cells conditionally lacking the Rad51 recombinase
accumulate spontaneous DNA damage and overduplicate their centro-
somes during a prolonged arrest in G2 (Dodson et al., 2004). Since UV-s was observed with time-lapse microscopy. A. Bright ﬁeld and ﬂuorescent images of
ing of cells was initiated 3 days post-infection. The arrows indicate cells that will go into
are included. B. Time spent in mitosis after UV-AAV2 infection compared to uninfected
0 min in mitosis compared to 8.6 h for the UV-AAV2-infected cells. (N=15 cells). Error
AV2-infected dying cells die in mitosis and 17% of UV-AAV2-infected cells die through
tosis.
Fig. 2. UV-AAV2-infected mitotic cells display multiple spindle poles containing centrioles. U2OS+p53DD cells were infected with UV-AAV2 and analyzed 4 days post-infection.
Double staining with centrin-3 (green) and α-tubulin (red) of uninfected control cells and UV-AAV2-infected cells was done to visualize centrioles and the tubulin network
respectively. The DNA was counterstained with DAPI (blue). UV-AAV2-infected cells display multiple spindle poles which contain centrioles. Representative images of infected cells
with multipolar spindles are shown in the two lower panels. B. Statistics of the percentage of cells displaying≥3 spindle poles in uninfected and UV-AAV2-infected HCT116p53−/−
cells. Cells were analyzed four days post-infection. Error bars represent standard deviations of three independent experiments. 75–105 cells counted for each of the three
experiments, p=0.049.
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AAV2-induced centriole overduplication initiates during S-phase, or
occurs in G2 in a similar manner to that of the Rad51-/-cells. Therefore
we performed a BrdU pulse-chase experiment essentially as described
(Dodson et al., 2004), and followed UV-AAV2-infected cells for 24 h in
order to identify the S-phase population of cells at the various time
points after infection. Cells were pulsed with 50 µM BrdU for 15 min,
collected and ﬁxed with methanol at the indicated time points
(Fig. S1A). At the end of the experiment, cells were stained with
antibodies against centrin-3 and BrdU and the centriole numbers in the
BrdU-positive cells were counted. Representative images of BrdU-
positive cells showing the centrioles are shown in Fig. S1B. Uninfected
U2OS cells displayed 9% of the BrdU-positive cells with ampliﬁed
centriole numbers and these numbers were constant throughout the
experiment, whereas in the UV-AAV2-infected cells the percentage of
BrdU-positive cells with ampliﬁed centriole numbers increased in a
time-dependent manner. At 12 and 24 h post-infection, 27% and 34%
respectively of the cells in the BrdU-positive population had over-
duplicated their centrioles (Fig. S1C). In addition, cell sorter analysisrevealed that the percentage of cells in S-phase decreased from 59% to
23% during 24 h in the infected U2OS cells compared to uninfected cells
at time zero (Fig. S1D). Taken together, these results suggest that the
UV-AAV2-induced centriole overduplication initiates during S-phase
and continues during a prolonged arrest in G2.
The centriole overduplication induced by UV-AAV2 is dependent on the
prolonged G2 arrest and on ATR or ATM kinase activity
Given the observation that UV-AAV2 leads to a decrease in the S-
phase population and that cells arrest in the G2 phase, we wanted to
determine whether the UV-AAV2-induced centriole overduplication
is dependent on the G2 arrest.We have previously shown that the UV-
AAV2-induced G2 arrest can be overcome with caffeine (Raj et al.,
2001). Caffeine is an inhibitor of ATR and ATM kinases (Blasina et al.,
1999; Sarkaria et al., 1999; Zhou et al., 2000) but other targets have
also been reported such as DNA-PK (Block et al., 2004) and PI(3)K
(Foukas et al., 2002). To check whether the UV-AAV2 DNA damage-
induced centriole overduplication requires a prolonged arrest in G2,
Fig. 3. Interphase cells infected with UV-AAV2 display multiple centrosomes and centrioles. A. U2OS+p53DD cells were stained with the centrosomal marker γ-tubulin (green) and
the DNAwas counterstained with DAPI (blue). The upper panel represents uninfected control cells and the lower panel shows a bi-nucleated infected cell with multiple centrosomes
4 days after infection. B. U2OS+p53DD cells stained for the centriolar marker C-Nap1 (green) and counterstained with DAPI (blue) showingmultiple centrioles in UV-AAV2 infected
interphase cells (lower panel) (d4pi). The insets represent the centriolar structures on the right-hand side of the images. C. Quantiﬁcation of centriole numbers in uninfected and UV-
AAV2 infected U2OS cells. Cellswere stainedwith C-Nap1 andDAPI as for Fig. 3B and the number of centrioleswas scored inUV-AAV2-infected U2OS cells (A) andU2OS+p53DD cells
(B) at day 2 and day 4 after infection. Error bars represent the standard deviation of three experiments. In A andB, statistical analysiswas performed comparingUV-AAV2-infected cells
with≥3 C-Nap1 foci two days post-infection with uninfected control cells. In A, 190–230 cells were counted for each of the three experiments, p=0.00007, In B, 200–245 cells were
counted for each of the three experiments, p=0.010.
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directly after the infection and analyzed the number of cells with
ampliﬁed centrioles by immunoﬂuorescence against centrin-3 andDAPI. The percentage of cells with ampliﬁed centrioles was reduced
from 80% to 15% in UV-AAV2-infected cells treated with caffeine
compared to UV-AAV2 infection alone (Fig. S2A). To conﬁrm the cell
Fig. 4. Centriole overduplication induced by UV-AAV2 DNA damage signaling is
dependent on ATR but not ATM. A. Quantiﬁcation of centriole ampliﬁcation of UV-
AAV2-infected cells expressing the kinase-dead form of ATR. U2OS cells inducible for
the kinase-dead form of ATR were induced for 24 h, infected with UV-AAV2 and
analyzed two days after infection by immunoﬂuorescence against C-Nap1 and DAPI.
Statistical analysis compared non-induced UV-AAV2-infected cells with ATR kinase-
dead-induced UV-AAV2-infected cells. 200–220 cells were scored for each of three
experiments, p=0.027. B. Quantiﬁcation of centriole overduplication in ATM-deﬁcient
and ATM-complemented AT22IJE-T ﬁbroblasts. Cells were analyzed two days post-
infection by immunoﬂuorescence against C-Nap1 and DAPI. Statistical analysis
compared UV-AAV2-infected ATM+cells with UV-AAV2-infected ATM-cells. 200–
230 cells were scored for each of three experiments, p=0.093. C. Cell cycle proﬁles of
samples in (B). Cells were ﬁxed and stained with propidium iodide and subjected to
FACS analysis.
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stained cells with propidium iodide (PI) and analyzed the samples by
ﬂow cytometry (Fig. S2B). In agreement with previous results (Raj et
al., 2001), caffeine treatment is able to overcome the UV-AAV2-
induced G2 arrest (Fig. S2B). Taken together, these results suggest
that the UV-AAV2 DNA damage-induced centriole overduplication
continues during the arrest in G2 and is dependent on ATR and/or
ATM kinase activity.
Centriole overduplication induced by UV-AAV2 DNA damage signaling is
dependent on ATR but not ATM activity
Caffeine can inhibit both ATR and ATM (Blasina et al., 1999;
Sarkaria et al., 1999; Zhou et al., 2000). To distinguish which of these
kinases is regulating UV-AAV2-induced centriole overduplication, we
studied cell lines deﬁcient for ATR and ATM. It was previously
demonstrated that U2OS cells induced to express a kinase-dead form
of ATR did not arrest in G2 after UV-AAV2 infection, while the non-
induced counterparts did arrest (Jurvansuu et al., 2005). Therefore, we
infected U2OS cells inducible for the kinase-dead form of ATR
((Casper et al., 2002); Nghiem et al., 2001, 2002) with UV-AAV2
and scored the number of cells with ampliﬁed centriole numbers by
immunostaining with an antibody against C-Nap1 48 h post-infection
(Fig. 4A). We found that 24% of the non-induced cells infected with
UV-AAV2 displayed ampliﬁed centriole numbers compared with the
infected cells induced for the kinase-dead form of ATR, which
displayed 12% ampliﬁcation of centriole numbers. This suggests that
ATR is regulating UV-AAV2-induced centriole overduplication. In
contrast, when a human ﬁbroblast cell line defective for ATM (Ziv et
al., 1997) was infected with UV-AAV2, no signiﬁcant change was seen
two days post-infection in the percentage of cells with overduplicated
centrioles, as compared with the ATM-complemented line (Fig. 4B).
We have previously reported that cells without functional ATM arrest
in the G2 phase of the cell cycle upon UV-AAV2 infection (Jurvansuu et
al., 2005). Consistent with this, ﬂow cytometric analysis revealed that
the ATM-deﬁcient cells arrest in G2 after UV-AAV2 infection (Fig. 4C).
Together, these results support the notion that UV-AAV2-induced
centriole overduplication is dependent on the G2 arrest and ATR
kinase activity but not ATM activity.
Inhibition of Cdk activity abrogates UV-AAV2-induced centriole
overduplication
Several studies have demonstrated the involvement of Cdk2 and
its associated cyclins in centriole duplication (Hinchcliffe et al., 1999;
Lacey et al., 1999; Matsumoto et al., 1999; Meraldi et al., 1999). It has
been suggested that Cdk2 regulates centriole overduplication but is
dispensable for normal centriole duplication in mouse embryonic
ﬁbroblast cells (Duensing et al., 2006). Therefore, we speculated that
Cdk2 may be one of the regulators of centriole overduplication
induced by UV-AAV2 in addition to ATR and Chk1. To answer this
question, we infected U2OS cells with UV-AAV2 and treated the
infected cells with roscovitine, a Cdk inhibitor (Meijer et al., 1997;
Rudolph et al., 1996). Two days after infection, cells were ﬁxed and
stained with antibodies against C-Nap1 in order to quantify the
centriole numbers by immunoﬂuorescence. The DNA was counter-
stained with DAPI. The results are shown in Fig. S3A. Strikingly, in the
presence of roscovitine, the UV-AAV2-induced centriole overduplica-
tion was restored to levels similar to those of uninfected control cells,
that is, from 70% in the UV-AAV2-infected cells to 5% in the presence
of UV-AAV2 and roscovitine. In parallel, cells were collected and
subjected to ﬂow cytometry (Fig. S3B). The cell cycle proﬁles revealed
that UV-AAV2-infected cells did not solely arrest in the G2 phase of
the cell cycle in the presence of roscovitine, but accumulated in G1
and in G2. This indicates that Cdk activity is regulating UV-AAV2-
induced centriole overduplication, which could be due to either Cdk2or Cdk1. Subsequent experiments in which Cdk1 was inhibited by
down-regulating cyclin B1 with siRNA (Jeffrey et al., 1995), the
interacting partner of Cdk1, did not decrease UV-AAV2-induced
centriole overduplication (data not shown). Taken together, these
results point to Cdk2 being a regulator of centriole overduplication
after UV-AAV2 infection. This conclusion is consistent with the results
of others (Hinchcliffe et al., 1999; Lacey et al., 1999; Matsumoto et al.,
1999; Meraldi et al., 1999), and we think that it may reﬂect the direct
effect of Cdk2 on the centrosome.
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DNA damage signaling and is regulating centriole overduplication
UV-AAV2 infection causes DNA damage signaling that is depen-
dent on Chk1 function (Jurvansuu et al., 2005). Given the observations
that Chk1 is involved in DNA damage responses, is a downstream
target of ATR (reviewed in Zhou and Bartek (2004)), and is localized at
the centrosome (Kramer et al., 2004), we speculated that Chk1 is
regulating UV-AAV2-induced centriole overduplication. To investi-
gate the subcellular location of Chk1 upon UV-AAV2 infection, we
methanol-ﬁxed cells, stained themwith the anti-Chk1 antibody (DSC-
310) and co-stained the centrioles with an antibody against centrin-3.
The localization of Chk1 was analyzed by confocal microscopy.
Consistent with the observation of Kramer et al. (2004), confocal
imaging of U2OS cells indicated that Chk1 was localized to the
centrosomal region and was in proximity to the centrioles, as shown
in Fig. 5A. In the UV-AAV2-infected cells two days post-infection, we
established that Chk1 retained its centrosomal localization in foci
containing multiple centrioles (Fig. 5A).
To test the importance of Chk1 for UV-AAV2-induced centriole
overduplication, we lowered the endogenous levels of Chk1 byFig. 5. Chk1 is retained around centrioles after UV-AAV2-induced DNA damage and regulat
infection in U2OS cells. U2OS cells were infected and analyzed two days post-infection by con
counterstained with DAPI (blue). Chk1 accumulates around the centrioles after UV-AAV
transfected with shRNAs for 6 h and the day following transfection, cells were infected wi
collected for western blot analysis two days post-infection and quantiﬁed for Chk1 protein
control cells transfected with the empty pSuper construct. C. Quantiﬁcation of centriole ove
target sequences (Chk1A and Chk1B). Samples were analyzed by immunoﬂuorescence usintransfecting U2OS cells with a pSuper-puro construct containing
small-hairpin RNAs (shRNAs) against Chk1. Western blot analysis
revealed that the Chk1 protein levels were reduced when using two
different shRNA targeting sequences referred to as Chk1A and Chk1B,
by 73% and 55% respectively, when normalized to the empty vector
(Fig. 5B). Then we methanol-ﬁxed and subjected the shRNA-
transfected cells to immunoﬂuorescence analysis against C-Nap1
and DAPI in order to quantify to number of cells with overduplicated
centrioles (Fig. 5C). We observed a decrease in the percentage of cells
with overduplicated centrioles from 45% to 18% in cells infected with
UV-AAV2 and expressing Chk1 shRNA compared with UV-AAV2-
infected cells (Fig. 5C). These observations indicate that Chk1
regulates centriole overduplication induced by UV-AAV2.
Mitotic spindle checkpoint activation and inhibition of the anaphase-
promoting complex in UV-AAV2-infected mitotic cells
Since the H2B-GFP time-lapse experiment revealed that p53-
negative cancer cells arrest in mitosis for 11.5 h and subsequently die
(Fig. 1A), we next determinedwhether themitotic spindle checkpoint
is active in the UV-AAV2-infected mitotic cells. Activation of thises centriole overduplication. A. Confocal microscopy images before and after UV-AAV2
focal microscopy. Cells were stained for centrin-3 (red), Chk1 (green) and the DNAwas
2-induced DNA damage. B. Reduction of Chk1 levels by speciﬁc shRNAs. Cells were
th UV-AAV2 and puromycin selection was initiated 24 h post-transfection. Cells were
levels using Aida Image Analyzer 2.0 software. Samples were normalized to uninfected
rduplication after Chk1 inhibition in UV-AAV2-infected cells using two different shRNA
g antibodies against C-Nap1 and the DNA was counterstained with DAPI.
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Fig. 7. Inhibition of spindle checkpoint components after UV-AAV2 infection does not
prevent mitotic catastrophe. A. Down-regulation of Mad2 and BubR1 protein levels with
siRNAs inU2OS+p53DD cells. Cellswere infectedwith UV-AAV2 in the samples indicated
and transfected with Mad2 or BubR1 siRNAs two days post-infection. Cells were collected
and analyzed by western blot two days after transfection. Mad2 and BubR1 protein levels
were quantiﬁed using Aida Image Analyzer 2.0 software. Samples were normalized to
protein levels of uninfected control cells as a ratio of 1. The protein levels decreased from
100% to 6–10% for Mad2 and 10–25% for BubR1 (data not shown). B. Down-regulation of
Mad2 and BubR1 abrogates a nocodazole-induced mitotic arrest. Representative DAPI
images of U2OS+p53DD cells showing different DNA condensation patterns after
nocodazole treatment in the presence of GFP siRNA (ctrl) or an inactive spindle checkpoint
(Mad2 siRNA). Cells were transfectedwith siRNAs and treatedwith nocodazole 24 h after
transfection andanalyzed48 hafter transfection.C.Quantiﬁcationofmitotic cells shown in
(B). Cells were transfected with the indicated siRNAs and analyzed as in (B) according to
chromatin condensation patterns (condensed or uncondensed chromatin).
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stained UV-AAV2-infected U2OS+p53DD cells with antibodies
against Mad2 and α-tubulin and analyzed them by immunoﬂuores-
cence. In the UV-AAV2-infected mitotic cells with multiple spindle
poles, we observed multiple Mad2 foci on the DNA, presumably at
kinetochores. This was also observed in uninfected prometaphase
cells as well as in nocodazole-treated cells used as a positive control
for spindle checkpoint activation (Fig. 6A), but not in uninfected
interphase cells used as an internal negative control. In separate
experiments, we stained HCT116p53−/− cells with antibodies
against BubR1, and observed BubR1-speciﬁc foci in UV-AAV2-infected
mitotic cells four days post-infection as well as in uninfected
prometaphase cells; nocodazole-treated cells were also positive for
BubR1 (Fig. 6B). Together, these results suggest that the spindle
checkpoint is active in UV-AAV2-infected mitotic cells.
To further analyze spindle checkpoint activation we investigated
whether the anaphase-promoting complex (APC) is inhibited in the
UV-AAV2-infected mitotic cells. It has been shown that the degrada-
tion of cyclin B1 and securin at the metaphase–anaphase transition is
mediated by APC (reviewed in Peters (2006)). To examine whether
the APC is inhibited in the UV-AAV2-infectedmitotic cells, we infected
HCT116p53−/− cells and collected the mitotic fraction of cells and
analyzed protein levels of cyclin B1 and securin by western blot. As
shown in Fig. 6C, the mitotic fraction of UV-AAV2-infected cells had
high cyclin B1 and securin levels compared with uninfected control
cells. The levels of cyclin B1 and securin in the UV-AAV2-infected cells
were similar to those of nocodazole-treated cells, which were used as
a positive control for APC inhibition. Together with the observation of
Mad2 and BubR1-positive foci in the UV-AAV2-infected mitotic cells,
this indicates that the spindle checkpoint is active in UV-AAV2-
infected mitotic cells and that the APC is inactive, which triggers a
prolonged arrest in mitosis.
UV-AAV2-induced mitotic catastrophe occurs independently of spindle
checkpoint function
As mentioned above, it has been reported that spindle checkpoint
function is required for mitotic catastrophe and cell death induced by
DNA damaging agents (Cheung et al., 2005; Fang et al., 2006; Nitta et
al., 2004; Vogel et al., 2007, 2005). Fang et al. (2006) suggested that
there exists a crosstalk between the spindle checkpoint and the DNA
damage checkpoint and that BubR1 mediates this process through
interaction with PARP-1. Because of this notion of crosstalk between
these two pathways, we investigated the importance of spindle
checkpoint function formitotic catastrophe induced by UV-AAV2 DNA
damage signaling by suppressing Mad2 and BubR1 protein levels by
RNA interference. We used siRNA duplexes against Mad2 (Nitta et al.,
2004) and BubR1 (Fang et al., 2006), and analyzed the reduction in
their protein levels by western blotting two days post-transfection
(Fig. 7A). By quantifying protein levels with the Aida Image Analyzer
2.0 software we found that cells treated with Mad2 and BubR1 siRNA
showed a decrease in protein levels to 6–10% and 10–25% for Mad2
and BubR1 respectively when normalized to uninfected control cells
(data not shown).
To conﬁrm that the suppression of Mad2 and BubR1 proteins
inactivated the spindle checkpoint, we transfected cells with siRNAs
against Mad2 and BubR1, treated them with nocodazole and tested
the ability of Mad2 and BuR1 suppression to abrogate a nocodazole-Fig. 6.Mitotic spindle checkpoint activation in UV-AAV2-infected mitotic cells. A. Immunoﬂu
and counterstained with DAPI (blue) in uninfected and UV-AAV2-infected cells four days pos
(second row). Cells were treated with nocodazole as a positive control. B. UV-AAV2
Immunoﬂuorescence microscopy of HCT116p53−/− cells stained for BubR1 and counterstai
Cells were treated with nocodazole as a positive control. C. Inhibition of the anaphase-promo
B1 and securin levels in the mitotic fraction of HCT11653−/− after UV-AAV2 infection with
UV-AAV2-infected cells were collected by shaking off the loosely adherent mitotic cells froinduced prometaphase arrest (Li and Benezra, 1996). U2OSwere ﬁxed
and stained with DAPI and the number of mitotic cells quantiﬁed. The
mitotic cells were further classiﬁed into two subgroups – condensedorescence microscopy of U2OS+p53DD cells stained for Mad2 (green), α-tubulin (red)
t-infection. Uninfected control cells included interphase cells (top row) andmitotic cells
-infected mitotic cells are positive for the spindle checkpoint component BubR1.
ned with DAPI (blue) in uninfected and UV-AAV2 infected cells four days post-infection.
ting complex in UV-AAV2 infected mitotic cells: western blot analysis comparing cyclin
uninfected cells. The mitotic fractions of nocodazole-treated cells (positive control) and
m the culture ﬂask. MCM3 denotes the loading control.
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the different treatments. Untreated mitotic control cells and nocoda-
zole-treated cells were classiﬁed as having condensed chromatin
(Fig. 7B). In Fig. 7B, examples of mitotic cells with condensed
chromatin are illustrated in the GFP siRNA-transfected cells. In cells
with lowered Mad2, we observed a decrease in the percentage of
mitotic cells and an increase in the percentage of cells with
uncondensed chromatin. In addition, we could observe an increase
in bi- and multi-nucleated cells, which reﬂects the downstream
effects of an inactive spindle checkpoint such as aborted cell division
and aneuploidy. Suppression of BubR1 during a nocodazole-induced
prometaphase arrest gave similar results to that of Mad2, although to
a lesser extent (Fig. 7C).
Having conﬁrmed the inactivation of the spindle checkpoint, we
next determined the role of spindle checkpoint activation in UV-
AAV2-induced cell death in p53-negative cells. U2OS+p53DD cells
were infected, then transfected with Mad2 and BubR1 siRNAs two
days post-infection and collected for analysis two days after
transfection. Cells were ﬁxed in ethanol and the DNA was stained
with propidium iodide. The sub-G1 peak of the ﬂow cytometer
analysis was quantiﬁed as representing dead cells (Fig. 8A). When we
compared UV-AAV2-infected cells containing GFP control siRNA with
infected cells containing siRNA against Mad2 or BubR1, we did not
observe a signiﬁcant change in the percentage of dead cells (about
10% cell death in all conditions) (Figs. 8B and C). This result is thus
different from the conclusion, mentioned above (Cheung et al., 2005;
Fang et al., 2006; Nitta et al., 2004; Vogel et al., 2007, 2005), that
spindle checkpoint activity is required for DNA damage-induced cellFig. 8. Down-regulation of spindle checkpoint components shows that UV-AAV2-induced
infected with UV-AAV2 and transfected with Mad2 or BubR1 siRNA two days post-infectio
analyzed by ﬂow cytometry. Cell cycle proﬁles of U2OS+p53DD cells in the presence or abse
A. Colcemide was used as a positive control for the G2/M arrest. B. Quantiﬁcation of the per
after down-regulation of Mad2 in (B) and BubR1 in (C). The data represents the quantiﬁed su
three independent experiments with error bars indicating standard deviations.death. Therefore, we suggest that UV-AAV2-induced cell death
through DNA damage signaling occurs independently of spindle
checkpoint function.
A prolonged mitosis is not required for UV-AAV2-induced cell death in
p53-deﬁcient U2OS cells
To determine whether the time spent in mitosis is important, that
is whether a prolonged mitosis is a pre-requirement for UV-AAV2-
induced mitotic catastrophe, we inactivated the spindle checkpoint in
UV-AAV2-infected H2B-GFP-expressing U2OS+p53DD cells with
siRNA against Mad2 and analyzed the cells by time-lapse microscopy.
Cells were infected with UV-AAV2 and transfected with siRNA against
Mad2 two days post-infection. Two days after the transfection, cells
were ﬁlmed for 24 hours and an image was captured every 10 min
(Fig. 9A). The time-lapse recordings revealed that uninfected control
cells went through mitosis with an average mitotic duration of
63 min. When the protein levels of Mad2 were reduced the average
time of mitosis decreased from 63 min to 43 min in the uninfected
control cells. This revealed that down-regulation of Mad2 had a
functional effect on the duration of mitosis in these cells. Interestingly,
when the spindle checkpoint was inhibited in the UV-AAV2-infected
cells we could see that cells entered mitosis but died more rapidly
when compared to the UV-AAV2-infected cells. On average, it took
74 min for the siRNA-treated UV-AAV2-infected cells to die after
having entered mitosis, compared to 189 min for the UV-AAV2-
infected cells (Fig. 9B). To conﬁrm if the Mad2 protein levels were
indeed reduced, the cells were collected after the ﬁlming and proteincell death occurs independently of the spindle checkpoint. U2OS+p53DD cells were
n. Cells were ﬁxed and stained with propidium iodide two days after transfection and
nce of spindle checkpoint siRNAs of uninfected and UV-AAV2-infected cells are shown in
centage of dead cells after UV-AAV2 infection and inhibition of the spindle checkpoint
b-G1 peak as dead cells such as shown in panel A. The data represent the averages from
Fig. 9. H2B-GFP time-lapse microscopy of UV-AAV2-infected cells treated with siRNA against Mad2 shows prolonged mitosis is not required for cell death. A. Fluorescent time-lapse
images of uninfected, UV-AAV2-infected and Mad2 siRNA-treated UV-AAV2-infected cells. U2OS+p53DD H2B-GFP cells were infected with UV-AAV2 and transfected with siRNA
against Mad2 two days post-infection. Filming of cells was initiated 2 days post-transfection. The arrows indicate cells that will go into mitosis. Images were taken every 10 min and
image galleries were assembled in Image J. B. The mitotic duration was scored for the dying cells of uninfected, UV-AAV2-infected and Mad2-treated UV-AAV2-infected cells. Cells
transfected with GFP siRNA served as a control. The data represent the averages of the number of dying cells that were scored (N=the number of scored cells). C. After the time-lapse
recording, cells were collected and protein extracts were analyzed by western blotting with antibodies against Mad2 and MCM3 to assess the degree of Mad2 down-regulation.
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Mad2 (Fig. 9C). The western blotting showed that the Mad2 protein
levels were lowered by the presence of the siRNAs both in the
uninfected cells and in the UV-AAV2-infected cells. Taken together,
these results conﬁrm that the UV-AAV2-induced cell death indeed
occurs independently of the spindle checkpoint. Interestingly more-
over, the experiments also revealed that a prolonged mitotic arrest is
not a prerequisite for the UV-AAV2-infected cells to die.
Discussion
In this report we present experiments that elucidate the apparent
contradiction that UV-AAV2-infected cells die in mitosis while their
own DNA is not detectably damaged. Our results led us to conclude
that infected p53-deﬁcient cells that have escaped the G2 arrest die of
catastrophic mitosis associatedwith centriole overduplication and thesubsequent formation of multipolar mitotic spindles. As a result of
abnormal spindle formation, cells cannot divide properly and die
during the division process. Time-lapse microscopy of the UV-AAV2-
infected p53-deﬁcient cells revealed that the infected cells enter
mitosis and die after a prolonged arrest in mitosis. Further experi-
ments, in which we abrogated the prolonged mitotic arrest with
siRNA targeted against the spindle checkpoint component Mad2,
revealed unexpectedly that a prolonged mitotic arrest is not a
prerequisite for the cells to die. Immunoﬂuorescence experiments
revealed that 58.4% of the UV-AAV2-infected cells displayed multiple
spindle poles compared to 5.3% in the uninfected cells. Moreover,
double staining of cells with antibodies against α-tubulin and the
centriolar marker centrin-3 revealed that the multipolar spindles in
UV-AAV2-infected cells contain centrioles. Taken together, the results
indicate that UV-AAV2-induced DNA damage signaling leads to
centrosome ampliﬁcation and mitotic catastrophe. Although this
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ampliﬁcation plays an important role in DNA damage-induced cell
death (Dodson et al., 2007; Robinson et al., 2007; Roninson et al.,
2001; Sato et al., 2000b; Saunders, 2005), the fundamental difference
with AAV2 is that the viral DNA induces damage signaling while the
cellular DNA is not detectably damaged.
How do cells acquire ampliﬁed centrosome numbers? Supernu-
merary centrosomes can arise in a cell through different mechanisms.
Two ways by which centrosome ampliﬁcation can arise in tumor cells
are, ﬁrstly, through overduplication of centrioles during S-phase or,
secondly, through failure of cytokinesis, where the resulting cell will
display twice the number of centrosomes (reviewed in Nigg (2002)).
Here, we show that UV-AAV2-induced DNA damage signaling leads to
the uncoupling of the centrosome duplication cycle from the cell
cycle. This is a process that initiates in S-phase but continues during a
prolonged arrest in G2, as noted in other studies of centrosome
duplication after genotoxic stress or altered DNA repair mechanisms
(Dodson et al., 2004; Sato et al., 2000b).
But how does the UV-AAV2-induced centrosome ampliﬁcation
occur? In our study, inhibition experiments indicated that ATR, Chk1
and Cdk2 kinase activities are needed for centriole overduplication to
occur, consistent with a requirement for Cdk2 to regulate centriole
duplication (Hinchcliffe et al., 1999; Lacey et al., 1999; Matsumoto et
al., 1999; Meraldi et al., 1999), and for Chk1 in centrosome
ampliﬁcation in response to DNA damage (Bourke et al., 2007; Lofﬂer
et al., 2007; Robinson et al., 2007). This led us to propose a model of
how UV-AAV2 DNA damage signaling induces centrosome ampliﬁca-
tion. In this model, two signaling pathways need to be activated for
UV-AAV2-provoked centrosome overduplication in cancer cells: the
Cdk2 kinase signaling pathway and the ATR-Chk1 DNA damage
signaling pathway (Fig. 10). The majority of our experiments were
done in U2OS osteosarcoma cells. U2OS cells do not express the p16
and the p14 tumor suppressor proteins because the p16INK4a andFig. 10. Hypothetical model for UV-AAV2 DNA damage signaling-induced centriole
overduplication and mitotic catastrophe. Two pathways are required for UV-AAV2-
induced centriole overduplication; the Cdk2/cyclin A/E and the ATR/Chk1 pathway.
The viral DNA induces a DNA damage response activating ATR and Chk1. In addition, the
U2OS cells are p16-deﬁcient which leads to an active Cdk2/cyclin A/E pathway. Both
pathways are required for UV-AAV2-induced centrosome overduplication. The p53-
deﬁcient cells that escape from the arrest in G2 enter mitosis and form multipolar
spindles. As a result of abnormal mitoses, cells cannot go through the division process
and die.p14ARF promoters are methylated in these cells (Park et al., 2002). In
consequence of the p16 promoter methylation, the Cdk2/cyclin A/E
kinase pathway is likely to be activated in these cells. Given that the
p16 pathway is deregulated in U2OS cells and that our results pointed
to Cdk2 as a regulator of UV-AAV2-induced centrosome overduplica-
tion, we propose that an active Cdk2 pathway contributes to centriole
overduplication in UV-AAV2-infected cells. In our model, Cdk2 could
promote centriole overduplication either directly by phosphorylating
targets at the centrosome (Chen et al., 2002; Okuda et al., 2000), or
indirectly by signaling to Chk1 (Maude and Enders, 2005).
On the other hand, UV-AAV2 induces a DNA damage response that
is strictly dependent on ATR and Chk1 kinase activity. The viral DNA
appears like damaged DNA to the host cell, which triggers a DNA
damage signaling cascade. ATR becomes activated, which in turn
phosphorylates and activates Chk1 (Jurvansuu et al., 2005). By
inhibiting ATR and Chk1, we could reduce the centriole overduplica-
tion induced by UV-AAV2. These results led us to conclude that
activation of the DNA damage ATR-Chk1 signaling pathway leads to
centriole overduplication in UV-AAV2-infected cells. Confocal micros-
copy revealed that the localization of Chk1 was retained at the
centrosome in the UV-AAV2-infected cells. One possibility is that
Chk1 directly regulates centriole overduplication at the centrosome
by coming into close proximity to substrates promoting duplication.
This hypothesis is supported by the ﬁndings that Chk1 localizes to the
centrosome and has a regulatory role in mitotic entry (Kramer et al.,
2004; Tibelius et al., 2009), and that Chk1 has been reported to
regulate centrosome ampliﬁcation after DNA damage (Bourke et al.,
2007; Robinson et al., 2007). During this work, Lofﬂer et al. (2007)
reported that Chk1 is indeed regulating centrosome ampliﬁcation at
the centrosome after DNA damage. But, how exactly Chk1 regulates
centrosome overduplication is not clear and further work is required
to elucidate this. Taken together, our results point to the involvement
of two pathways in UV-AAV2-induced centriole overduplication: the
Cdk2/cyclin A/E pathway and the ATR-Chk1 DNA damage signaling
pathway.
Is the mitotic spindle checkpoint involved in UV-AAV2-induced
cell death? In the case of cell death due to damage to cellular DNA the
spindle checkpoint has been shown to be required (Cheung et al.,
2005; Fang et al., 2006; Nitta et al., 2004; Vogel et al., 2007, 2005),
implicating this checkpoint in a signal transduction cascade leading to
cell death. This hypothesis was supported by two studies demon-
strating that Mad2 activates a pro-apoptotic pathway in response to
DNA damaging drugs and checkpoint abrogation (Cheung et al., 2005;
Vogel et al., 2007). In contrast, from our siRNA experiments, in which
the spindle checkpoint components were inhibited, we concluded
that UV-AAV2 induces cell death independently of spindle checkpoint
function and, moreover, that a prolonged mitosis is not a prerequisite
for the cells to die. Due to the fundamental differences between UV-
AAV2 and DNA damaging agents, it was not surprising that UV-AAV2
induces cell death through a different mechanism.
An alternative hypothesis that could explain the virally-induced
cell death is that direct signaling from AAV2 may induce a cell death
pathway. For example it has been shown that certain viral proteins
associate with the APC to induce a G2/M arrest (Kornitzer et al., 2001;
Teodoro et al., 2004) and cell death (Teodoro et al., 2004). Thus AAV2
may act directly on the APC, though in this case through damage
signaling. However, arguing against this hypothesis is that mitotic
catastrophe is, in at least some cases, caspase-independent (Dodson et
al., 2007; Nabha et al., 2002; Zhang et al., 2006), as well as the fact that
the UV-AAV2 infected mitotic cells do not require spindle checkpoint
signaling nor a prolongedmitotic arrest to die. Thus, for the fraction of
cells that die in mitosis, there is currently no evidence that a cell death
signaling pathway is involved. Rather, our data favor a model where
the cells physically destroy themselves during the division process
due to abnormal spindle formation as a consequence of centriole
overduplication.
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following genotoxic treatment? Here we show there is a pathway for
cancer cell killing in mitosis that is independent of the spindle
checkpoint. After infection with UV-AAV2, 83% of the cells died from
mitotic defects and 17% of the cells died in an apoptotic-like process
without going into mitosis. Thus, within one population of cells,
there is more than one way for the cells to die. The manner in which
cancer cells die in response to AAV2 may also differ between cell
lines (Fragkos and Beard, unpublished results). The osteosarcoma
cell line Saos2 seems to undergo rapid apoptosis (Raj et al., 2001),
and a mechanism has been proposed (Garner et al., 2007). The
induction of multiple cell death pathways within a single population
of cells may be a general behavior of cancer cells, as it was recently
reported (Dodson et al., 2007) that in response to γ-irradiation, cells
within one population die in different ways. However, what
determines the type of cell death is still unclear. AAV2 with its
ability to trigger damage signaling without harming the cellular DNA




The osteosarcoma cell line U2OS was maintained in Dulbecco's
modiﬁed Eagle's medium (DMEM), 5% fetal calf serum (FCS),
penicillin, streptomycin, and ciproxin (Bayer). The generation of the
U2OS+p53DD cells has been described (Raj et al., 2001). U2OS+
p53DD cells were cultured in 5% FCS, penicillin, streptomycin, ciproxin
and puromycin. HCT116p53−/− cells (a kind gift from Dr. B.
Vogelstein) were maintained in DMEM complemented with 10%
FCS, streptomycin, penicillin and ciproxin. The kinase-dead ATR
inducible U2OS cell line GK41 (Nghiem et al., 2001) wasmaintained in
DMEM supplemented with 10% FCS, penicillin, streptomycin, 200 µg/
ml G418 (PAA laboratories) and 50 µg/ml hygromycin (Roche). The
ATM-deﬁcient (AT22IJE-T pEBS7) and ATM-complemented (AT22IJE-
T pEBS7-YZ5) cell lines were previously described by Ziv et al. (1997).
The U2OS+p53DD H2B-GFP cell line was generated by transfecting
U2OS+p53DD cells (Raj et al., 2001) with the pBOS-H2B-GFP plasmid
(Kanda et al., 1998) (BD Biosciences) using the lipofectamine reagent
(Invitrogen). GFP-positive colonies were selected with blasticidin-S
(Invitrogen) and single GFP-positive clones were sorted and isolated
by FACS. Single GFP-positive clones were expanded into cell lines.
UV-AAV2 infection and chemical treatments
AAV2 was a kind gift from Dr. J. Hare (Institute of Molecular
Biophysics, Tallahassee, Fla.) and also produced in our laboratory
according to standard procedures (Yakobson et al., 1987). Wild
type AAV2 was UV-irradiated in 40 µl of PBS in the Stratalinker
2400 (Stratagene) at 240 mJ/cm2. UV-inactivated AAV2 was used
in these experiments in order to avoid effects of the Rep proteins
(Raj et al., 2001). Cells were infected with UV-AAV2 in a small
amount of DMEM for 4 h. The multiplicity of infection (MOI) was
based on physical particles; an MOI of 1000 gave 40 viral genomes
(detected by polymerase chain reaction, PCR) per U2OS nucleus.
Virus was used at an MOI of 10,000 for U2OS and 20,000 for
HCT116 cells, which have a lower susceptibility to the virus. After
the infection, DMEM medium supplemented with 5% FCS and
antibiotics was added to the cells. Caffeine (Sigma), where used,
was added to infected cells at a concentration of 5 mM for two
days. Roscovitine (Calbiochem) was diluted in DMSO and was used
at a concentration of 28 µM for two days. Nocodazole (Sigma) was
used at a concentration of 40 ng/ml for 24 h; BrdU (Sigma) 50 µM
was added to cells for 15 min and then removed by washing 3
times with PBS.RNA interference
siRNA duplexes were obtained desalted from MGW Biotech AG
and transfected using Lipofectamine 2000 (Invitrogen) according to
themanufacturer's protocol. The sequences of siRNAswere as follows:
5′-ACCUUUACUCGAGUGCAGA (dTdT)-3′ for Mad2 (Nitta et al., 2004)
and 5′-AAGGGAAGCCGAGCUGUUGAC (dTdT)-3′ for BubR1 as previ-
ously described (Fang et al., 2006). siRNA duplexes against GFP were
ordered from Dharmacon with the target sequence 5′-GGCTACGTC-
CAGGAGCGCACC-3′with 5′-P modiﬁcations. The shRNA-pSuper-Puro
constructs for Chk1A and Chk1B were a kind gift from Dr. C. Azzalin.
The Chk1 target sequences were 5′-CTGAAGAAGCAGTCGCAGT-3′
(Xiao et al., 2003) and 5′-GCGTGCCGTAGACTGTCCA-3′ (Zhao et al.,
2002) for Chk1A and Chk1B respectively. One day post-transfection,
cells were infected with UV-AAV2 for 4 h and 24 h post-transfection,
puromycin was added to a ﬁnal concentration of 1.5 µg/ml.
Puromycin selection was continued for 2 days until cells were
collected for western blot analysis and immunoﬂuorescence.
Immunoﬂuorescence
For immunoﬂuorescence experiments, cells were plated onto
coverslips one day before UV-AAV2 infection. For staining of mitotic
cells, cover slips were coated with poly-L-lysine (Sigma) or ﬁbronectin
(Calbiochem). For staining of centrosomes and the microtubule
network, cells were ﬁxed in ice-cold 100% methanol for 5 min at
−20 °C. After ﬁxation, cells were washed in PBS four times and blocked
in 1% BSA–0.05% tween-20 in PBS for 20 min. Cells were then incubated
withprimary antibodies in 1%BSA–0.05% tween-20 inPBS for at least 2 h
or overnight, after which they were washed 4 times with 0.05% tween-
20 in PBS prior to incubation with ﬂuorescein-conjugated secondary
antibodies in1%BSA–0.05% tween-20 inPBS for 60 min. Cover slipswere
washed twice in 0.05% tween-20 in PBS and then incubated with PBS
containing DAPI (4′,6′,diamidino-2-phenylindole) for 1 min, washed
twice with PBS and then mounted in DABCO-glycerol. Antibodies and
concentrations used were: anti-centrin 3 (Middendorp et al., 2000) (a
kind gift from Dr. M. Bornens) [1:2000], anti-C-Nap1 (BD Biosciences,
611374) [1:200], anti-γ-tubulin (GTU 88, Sigma) [1:1000], anti-α-
tubulin (DM1A, ab7291, Abcam) [1:1000], anti-tubulin (DMIA+DM1B,
ab3194, Abcam) [1:500], and Chk1 (DSC-310, Abcam) [1:1000].
ForMad2 and BubR1 immunoﬂuorescence experiments, cells were
ﬁxed in 4% formaldehyde in PBS for 5 min followed by permeabiliza-
tion with 0.5% triton X-100 in PBS for 5 min. BubR1 samples were
blocked in 5% dried milk in PBS for 1 h at 37 °C followed by incubation
with primary antibody for 1 h in 5% milk in PBS at 37 °C and then
washedwith PBS. The secondary antibody was incubated in 5%milk in
PBS at 37 °C for 30 min followed by washing in PBS and DAPI staining
as previously described. Mad2 samples were blocked in 3% BSA in PBS
for 1 h at room temperature and then incubated with the primary
antibody in 3% BSA in PBS for 1 h. Cover slips were then washed with
0.2% tween-20 in PBS followed by incubation with secondary
antibodies in 3% BSA in PBS for 30 min in the dark. Cells were then
washed and incubated with DAPI and ﬁnally mounted in DABCO. The
antibodies used for the BubR1 and Mad2 immunoﬂuorescence
experiments were: anti-BubR1 (ab4637, Abcam) [1:100] and anti-
Mad2 (PRB-452C, Convance) [1:200]. Secondary antibodies used
were; Alexa Fluor 488 goat anti-mouse IgG (Molecular Probes)
[1:1000], Alexa Fluor 488 goat anti-rabbit IgG (Molecular probes)
[1:1000], Cy3-conjugated goat anti-rabbit IgG (Jackson Immunore-
search laboratories) [1:1000], Cy3-conjugated donkey anti-mouse IgG
(Jackson Immunoresearch laboratories) [1:800].
BrdU-immunoﬂuorescence
Cells were pulsed with 50 µM BrdU for 15 min, methanol-ﬁxed
and stained with the centrin-3 antibody overnight. After incubation
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in 0.05% tween-20 in PBS and once in PBS. Cover slips were then again
ﬁxed in methanol, washed in PBS and treated with 2 M HCl–0.5%
triton X-100 for 10 min at room temperature. Cells were then washed
in 0.1% tween-20 in PBS, blocked in 2% BSA 0.1% tween-20 in 1× PBS
for 30 min and incubated with anti-BrdU FITC conjugated (7583, BD
Biosciences) [1:20] antibody for 2 h. After washing in 0.1% tween-20
in PBS, cover slips were incubated with Alexa Fluor 488 goat anti-
mouse IgG (Molecular Probes) [1:1000] for 30 min followed by
washing, DAPI staining and mounting in DABCO.
Microscopy
Images were collected with an Axioplan 2 microscope (Zeiss)
linked to an apotome (Zeiss) with an Axiocam MRm camera (Zeiss)
using apochromat 1.4 oil objectives (63× or 100×). Z-stacks were
assembled with the Image J software with maximal ﬂuorescence
intensity. Pictures were processed in Adobe® Photoshop® CS2
Software. For time-lapse experiments, H2B-GFP images were collect-
ed with an Axiovert 100 microscope (Zeiss) and a Quantix camera
(Photometrics) with a 10× neoﬂuar objective. Cells were incubated in
a CO2 humidiﬁed chamber at 37 °C.
Confocal imaging — Chk1 centrosomal localization
Immunoﬂuorescence of Chk1 and centrin-3 was as described
previously. Secondary antibodies used were goat anti-mouse Alexa
488 (A11029, Molecular Probes) [1:400] and goat anti-rabbit Alexa
568 (A21069, Molecular Probes) [1:500]. Confocal imaging was
performed with a Leica TCS SP2 inverted confocal microscope with a
63× objective (HCX PL APO CS 63.0 ×1.4 oil). Images were captured
with a resolution of 1024×1024, line average of 4 and a zoom of 2. Z-
projectionswere captured at a distance of 0.4884 µ. Maximal intensity
Z-projections were assembled in Image J and images were processed
in Adobe Photoshop CS2.
Flow cytometry
Cells were collected and ﬁxed in ice-cold ethanol 70% for several
hours at−20 °C. After ﬁxation, cells were washed in PBS and RNAseA-
treated for 15 min at 37 °C at a concentration of 0.1 mg/ml. Cells were
then stained with propidium iodide (PI) [20 µg/ml] for 10 min at
room temperature and analyzed by ﬂow cytometry in the BD
FACScan™ Flow cytometer.
BrdU FACS
Cells were collected as described above. Prior to incubation with
the primary antibody, cell pellets were resuspended in 2 M HCl and
incubated for 20 min at room temperature. After a wash in 0.5% BSA-
PBS, cell pellets were resuspended in 0.1 M Borax for 2 min at room
temperature, followed by a second wash and then incubated with the
primary antibody anti-BrdU FICT conjugated (7583, BD Biosciences)
[1:3] for 45 min at 4 °C. After two washes in 0.5% BSA in PBS, cells
were RNAseA- and PI-treated as described above.
Western blotting
Whole cell extracts were prepared by resuspending cell pellets
in Reporter Lysis Buffer (Promega) with proteinase inhibitors
and incubated for 30 min on ice followed by centrifugation at
13000 rpm, 20 min at 4 °C. Protein samples (30–100 µg) were
resolved on SDS-polyacrylamide gels, transferred to nitrocellulose
membranes and blocked for 1 h in 5% milk–0.5% tween-20 in PBS at
room temperature. After blocking, membranes were incubated with
primary antibodies overnight at 4 °C, washed 3 times 10 min in 0.5%tween-20 in PBS, and incubated with horse radish peroxidase
(HRP)-conjugated secondary antibodies for 1 h at room tempera-
ture. Membranes were then washed as above followed by detection
by ChemiGlow™ (Alpha Innotech) and exposed to a Fluor Chem™
8900 camera and analyzed with the Aida Image Analyzer 2.0
software.
The primary antibodies usedwere; anti-MCM3 (ab4460-50, Abcam)
[1:2000], anti-cyclin B1 (sc-245, Santa Cruz) [1:1000], anti-Mad2
(17D10, ImmuQuest) [1:2000], anti-BubR1 (ab4637, Abcam) [1:500],
anti-securin (DCS-280, ab3305, Abcam) [1:200], anti-Chk1 (sc-8408,
Santa Cruz) [1:1000], Cdk1-P (P-Tyr15) (219440, Calbiochem) [1:1000],
cyclin B1 (GNS1, sc-254, Santa Cruz) [1:1000]. Secondary antibodies
used were; HRP-conjugated goat anti-mouse IgG [1:5000] and HRP-
conjugated goat anti-rabbit IgG [1:5000] (Jackson Immunoresearch
laboratories). For the western blot performed after time-lapse micros-
copy of UV-AAV2-infected Mad2 siRNA-treated cells, another protein
extraction method was used. Whole cell extracts were prepared by
incubating adherent cells with 1× RIPA buffer (Sigma) with added
proteinase inhibitors, for 5 min at room temperature. The whole cell
extractswere then centrifuged at 4 °C to remove cell debris and proteins
separated by SDS-polyacrylamide gels as described above.
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